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Theory of metastable group-IV alloys formed from CVD precursors
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Using chemical-vapor depositiqi€VD) precursors, group-IV compounds such agCSand GeC, which
incorporate 20 at.% carbon, have been synthesized. Here we present systmatito studies of the
electronic and structural properties of group-IV compounds formed from CVD precursors. We also propose a
class of precursor molecules for materials containing 25 at. % carbon. These compounds are energetically
comparable to already synthesized materielg., GgC) and are semimetallic within the local-density ap-
proximation. In addition, we give information for two previously proposed group-IV compoungSn& and
Ge;SnC, which are direct-gap semiconductors and match the lattice of silicon to within 1%.
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. INTRODUCTION alloys, such as $C or GgC. Although SpC has not been
synthesized yet’ we extend our study to this compound for
Group-lV alloys have attracted considerable interest recomparison purposes and to gain a better understanding of
cently due to their wide tunability in both structural and elec-the general trends arising from differences in electronegativ-
tronic properties™*° Incorporation of substitutional carbon ity and core radii.
into other group-1V semiconductors is of particular interest. One can build in even higher concentrations of carbon
On one hand, the small radius of carbon might help reducesing G(SiX3)g and G(GeX3)s as precursors for solid
the lattice mismatch between band-gap-engineered Si/G8i;C, or GgC,. Although these two compounds contain
materials and the silicon substrate; on the other hand, the-C bonds, which have long been regarded as energetically
presence of strongly electronegative carbon atoms, alongnfavorable in group-IV alloys, our detaileb initio calcu-
with the strain introduced by them, offers a unique way tolations here show that they are energetically comparable to
tailor the electronic structure with a compelling possibility of the already synthesized group-IV compounds. These highly
obtaining direct-gap group-1V semiconductors whose latticesanisotropic C-C bonds should have significant effects on the
match silicon'® With newly developed ultrahigh-vacuum electronic and structural properties.
chemical-vapor depositioJHV-CVD),**** group-1V com- Another subject of interest is silicon-based optically ac-
pounds such as & and GgC, which contain 20 at. % of tive semiconductors. Much effort has been focused on band
carbon, have been synthesized. Here we preabninitio  folding, surface states, and quantum confinement. Examples
results on the electronic and structural properties of group-INnclude Si-Ge superlatticé&;?* porous silicon, silicon
materials, namely, $C, GeC, SnC, SibSnC, and nanocrystalé? and nanowireS 2% and recent reports of im-
Ge&SnC, which have either been synthesized or are designgslanting boron into silicon as a means of providing spatial
to be synthesizable with UHV-CVD. In addition, we propose confinement of the charge carriéfsSi-Ge superlattices usu-
a different class of group-IV compounds, namedC, (X  ally have poor optical properti¢$:?°The mechanism of light
=Si, Ge, or Sh which incorporate as high as 25 at. % car- emission from porous silicon is often ascribed to quantum
bon and are accessible to current synthesis techniques.  confinement, surface states, and/or band foldid’ al-
Although there has long been speculation that alloyinghough the physical origin is still not fully settled. We have
carbon with other group-IV materials might produce interestpreviously suggested a more direct solution to this problem,
ing properties, little progress was made towards this goaproposing two novel group-IV compounds,,ShC and
until recently. The major obstacle for synthesizing group-IVGe;SnC, which have direct energy gaps and whose lattices
compounds with high concentrations of carbon is that thematch silicon to within 194° Here we provide more detailed
solubility of carbon in silicon is very low: less than 19  structural information for these two compounds, and charge-
at. % at the silicon melting point; in germanium the solubility density distributions for $8n,C at I' and X to obtain a
is negligible. Fortunately, recent advances in synthesis havieetter understanding of the unusual valence-band structure of
demonstrated that tetrahedral group-1IV compounds contairthis compound®
ing high concentrations of carbon are possibfeMore re-
cently, Kouvetakiset al. reported a synthesi$!! based on
UHV-CVD that allows the production of semiconductor al-
loys with well-definedand thermodynamically inaccessiple We use theab initio pseudopotential methdtin the
1:4 C:Si and C:Ge stoichiometries through the use of precurtocal-density approximatio(LDA) with norm-conserving
sor molecules that build in the required interatomic bondingpseudopotentiaf$ in a nonlocal form suggested by Klein-
for example, C(SiH),. The terminal groupge.g., Hor D man and Bylandef® The parametrization of the Alder—
are eliminated to produce the pure CI(8r C/Ge ordered Ceperley resulfé by Perdew and Zung&tis used for the

Il. COMPUTATIONAL DETAILS
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exchange correlation. For germanium and tin, scalar relativ-
istic effects® are taken into account. In all of the calcula-
tions, we include the nonlinear partial-core correctioto
account for the nonlinearity of core-valence exchange-
correlation energy. The energy cutoff of the plane-wave basis
is set at 60 Ryd to ensure the convergence of the calculations
since all of the systems include carbon atoms. KHpeint set

is generated by the Monkhorst-Pack sch&méth a density

of 3X3X% 3, which would be equivalent to lapoint density

of about 6x 66 in a more familiar two-atom diamond unit
cell.

Our first step was to identify candidate crystal structures
for the new group-IV alloys. Although ordered microcrystal-
line Si,C and GgC have been successfully synthesiz&t:
their structural properties remain largely unknown. Here we
assume a minimal unit cell for structural optimizations. The
minimal unit cells of all of the systems studied contain two
molecular cores of the corresponding precursors and retai
the diamondlike tetrahedral bonding. The integrity of the
precursor molecule&nd therefore the stoichiometry of the
alloys) is also maintained. The atoms are initially placed into
a uniform diamondlike lattice and allowed to relax in both
atomic position and unit-cell size and shape. In all cases the
relaxations quickly converged and did not display soft-mode
behavior; this well-behaved relaxation suggests that the final
relaxed structures are situated in relatively stable local
minima. We then use these relaxed structures for band-
structure calculations. Since the electronic structures in these
compounds follow predominately from the chemical effects
of relative size, electronegativity, and relative atomic-level
spacing, we expect many of the overall trends observed to be
reasonably generalizable across different atomic structures
so long as the constraints of precursor integrity are main-
tained.

IIl. STRUCTURAL AND ELECTRONIC PROPERTIES
A. Si,C, Gg,C, and Sn,C

Figure 1 shows the precursor molecule AXg), (A
=Si, Ge, or Sh and a corresponding ordered crystalline
structure. The smallest possible unit cell of these compounds
contains ten atoms and has a body-centered tetragbotl
lattice. The relatively high symmetry @,C molecular cores
results in a unique crystal structure if a minimal unit cell is G 1 :

. 1. (Colorn Molecular precursors and a corresponding re-
assumed. In these SySter_nS’ there are no nearest or S-ecl)%gd crystalline phase of &. Silicon is yellow, carbon is gray,
nearest carbt_)n-carbon pairs; thege are normally energetically | i terminal group is red. @@ and SpC have similar struc-
unfavorable in group-IV alloys.Since all of the group-IV tures.
compounds studied here are metastable, a measure of their
stability is very important. We define the excess enefgy large for covalent group-IV compounds, would involve ex-
as the negative binding energy with respect to the constitueniensive molecular-dynamics simulations. Since all of the
elemental materials in the diamond structure. For group-I\structures investigated in this paper are locally stable with no
compounds containing Sn, comparing the energy with reindications of soft-mode behavior, we do not examine the
spect to gray tin may not be the best way to study theirenergy barriers in detail. Table | shows the structural proper-
stability, since gray tin is not stable at room temperatureties of these compounds. The excess endigyfor Si,C is
However, the energy difference between gray and white tin isery small, 0.05 eV/atom, indicating the relative stability of
small compared to the excess energy. Another quantity othis particular compound. The lattice constant ofCSdiffers
interest regarding the stability of materials is the energetidrom that of silicon by about 8.1%. This result is very close
barrier against structural phase transition. However, a studio a previous study.The very large lattice mismatch between
of the transition barriers, which are expected to be relativel\Si,C and silicon implies that pseudomorphic growth ofGSi
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TABLE |. Structural properties oK,C in the local-density ap- |ated by LDA is 2.332 A, while the weighted-average Si-Si
proximation. The bulk moduli in parentheses are for silicon, germahond length in SiC is 2.327 A. Si-C bonds, however, are
nium, and gray tin, respectively. slightly stretched compared to the bond length in binary sili-
con carbidgSiC), 1.89 A vs 1.87 A. The Ge-C bond length

Lattice Bondﬂl\ength oE Bulk is 2.00 A, which lies between those in C(GgBr(2.05 A)
constant (A) (eViatom  modulus C(GeH), (1.97 A).X° Although no stable GeC phase
) (GP3 exists at ambient conditions, as a privil [
, privilege for theorists, we

Si,C a=b=7.82 Si-Si2.30,2.38 0.05 137 can still do the calculation for this idealized compound and

c=4.97 Si-C 1.89 (100 we find that compared to that of GeC, the Ge-C bond length
Ge,C a=b=8.17 Ge-Ge 2.40,2.48 0.28 108 in GgC is stretched by 2%, similar to Si-C. The over-

c=5.22 Ge-C 2.00 (76) stretched Si-C and Ge-C bonds as compared to their binary
SnC  a=b=9.19 Sn-Sn2.77,2.86 0.42 74 counterparts is expected in these strained syst&ifise bulk

c=5.93 Sn-C 2.19 (47) moduli of these materials show a systematic increase from

that of the dominant elemental constituent: 37% fQICSand
57% for SnC (compared to gray tin
on silicon substrates would quickly lead to cracks or other Figure 2 shows the LDA band structures ofGi GeC,
strain-relieving defects. The lattice of @eis closer to that and SpC. The LDA band structure of silicon, calculated on
of silicon, with a 3.7% mismatch. Another interesting obser-the same ten-atom unit cell, is also plotted for comparison.
vation (which will be discussed in more detail latds that  Although the band gaps of both,8 and GgC are indirect,
GegC becomes a direct-gap semiconductor upon lattice exthe effects of the substitutional carbon on the band structures
pansion to match silicon. of these systems are easily seen. First, the lowest conduction
Due to symmetry breaking in these systems, there are twband at thd™ point is pulled down significantly. The differ-
types of X-X (X=Si, Ge, or Sihbonds whose bond lengths ence between the direct energy gap'aand the minimum
differ by about 3%, with twice as many shorter bonds asindirect gap of Si is about 2.1 eV, this difference is reduced
longer bonds. The weighted-average lengths of ¥aX  to about 1.5 eV for SC and 0.4 eV for GgC. We believe
bonds are very close to those in the corresponding elementtiis trend results from the competition between the overall
bulk materials. For example, the Si-Si bond length as calcuvolume contraction and charge transfer. Contraction in vol-

Si,C Sn,C
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FIG. 2. Band structures of &, GeC, and SpC. The band structure of Si in a similar unit cell is also shown for comparison.
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FIG. 3. Band structure of GE upon lattice expansion to match
that of silicon.

ume due to the incorporation of carbon tends to lift the en-
ergy of the conduction band &t (relatively), while charge
transfer tends to lower it. For &, charge transfer seems
dominant whereas for GE€, the two effects are comparable.
The LDA band gap of $4C is direct and slightly negative
(—0.1 eV). Since LDA calculations usually underestimate
the band gap of semiconductors, we expect the real band ga
of SC to be moderately positive. Although @& has a
indirect energy gap, upon volume expansion, it acquires &
direct gap. This high sensitivity of the band gap to the lattice
expansion arises from the volume variation in the local po-
tential energy of the conduction band and is common to
many group-IV materiald® Of the systems studied to date,
only in GgC does the volume effect provide a potential
means to produce a direct-band-gap material on a silico
substrate, since GE is smaller than Si. In layered growth,
the lattice expansion would not be isotropic, but the overall
trend towards a direct gap should be maintained. Figure
shows the band structure of g calculated with the silicon
lattice constant, which shows the direct band gap of@Ge
under expansion. Less than 2% lattice expansion makes th
band gap of GgC direct.

FIG. 4. (Color) Proposed molecular precursors for synthesizing
B. Si,Sn,C and Ge;SnC SiL,Sn,C and GgSnC. C is small gray, Siis yellow, Ge is large gray,

. . Sn is magenta, and the terminal group is red.
Although A,C group-IV alloys possess interesting struc- g group

tural and electronic properties, they might not be good canatoms with tin in the corresponding molecular precursors.
didates for certain areas such as optoelectronic applicationgve have shown previously that silicon-compatible direct-
SiyC has an indirect gap and the lattice constant differs fronband-gap semiconductors composed of solely group-1V ele-
that of silicon by as much as 8%. @& would have a direct ments are possible. The proposed group-IV materials are ter-
band gap upon lattice expansion to match that of siliconnary alloys containing either Si, C, and Sn or Ge, C, and Sn,
However, a 3.7% lattice expansion is too large for most pracnamely, SjSn,C and GgSnC, which have direct band gaps
tical applications. SYC is expected to have a moderate directand whose lattices match silicon to better than 1% along
band-gap but again does not match the lattice of siliconsome low-index direction Here we provide more com-
Materials intermediate between Ge and Sn could have plete structural information and explain the unusual band-
moderate direct gay, which might be achieved by incorpo- edge electronic structure of these materials. The molecular
rating tin into group-V compounds. precursors proposed for synthesizingS8$,C and GgSnC
Ternary group-1V compounds containing Sn, for example,are shown in Fig. 4. As to the stability of these proposed
CSiSn,_, and CGgSn,_, could be accessible to UHV- precursors, it was recently shown that molecular precursors
CVD synthesis techniques by replacing silicon or germaniumincorporating Sn-B moieties are stable for long perio¢st
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FIG. 5. (Color) Relaxed ordered structures o, Si,C (left) and GgSnC(right). C is gray, Si is yellow, Ge is green, and Sn is magenta.

0°C).}" (The Sn-H moiety, in contrast, is known to be un- the structural properties of S8n,C and GgSnC. TheA-C
stable) Also, techniques have been developed to synthesizeA= Si, Ge, or Shbond lengths change little as compared to
tetrahedral precursors where four tin atoms surround a certhose inA,C alloys, indicating the robustness and stiffness of
tral carbon atonf? these bonds. However, both Si-Si and Ge-Ge bonds are
Figure 5 shows the ordered structures 0§S8C and longer than those in € and GeC due to the presence of
Ge;SnC. SjpSn,C has a bct lattice like that of the,C sys-  Sn. The bulk modulus of $6n,C is comparable to that of
tems, but with a lower rotational symmetry. In this particular silicon while the bulk modulus of G&nC is similar to that
structure, there are four Sn-Sn, four Sn-Si, and four Si-Sbf germanium. The excess energies of bothS8iC and
bonds in a unit cell, thus achieving the highest possible roGe;SNnC are moderate and comparable to that of,Ge
tational symmetry. The lattice of GBNC is slightly distorted which has been successfully synthesized, indicating that
from bct into a monoclinic structure. However, the deviationthese two compounds might well be accessible to current
from bct is very small, about-1%. Therefore, we use the CVD techniques so long as the molecular cores of the pre-
notation of the specighigh symmetry k points of bct struc-  cursors are stable under the synthesis conditions. Note that
ture to label the band structure of £&8nC. Table Il shows there exist lower-symmetry structures for both8i,C and
Ge&SnC. For SiSn,C, the lower-symmetry structur@lso
TABLE II. Structural properties of $8n,C and GgsSnC. Al Within a ten-atom cellhas almost the same excess energy as
cited values are LDA results. The results for silicon calculated withthat of the high-symmetry one. However, the lattice of this

a ten-atom supercell are also listed for comparison. lower-symmetry structure is distorted greatly from the ideal
bct lattice. Since we focus on structures whose lattices match
Lattice Bond length SE Bulk silicon, the badly distorted structure is less favorable and
constant (A) (eV/iatomy modulus  therefore will not be discussed in detail. For{SaC, the
(A) (GPa low-symmetry structure also has a more distorted lattice and
- — furthermore shows a slightly higher excess end@g4 eV/
SiLSKL,C a=b=8.43 Si-Si 2.36 0.30 104 atom.
c=5.46 Si-Sn 2.62 A very important and interesting property of these two
Sn-Sn 2.72 compounds is their lattice matching to silicon along some
Si-C 1.88 low-index planes, for example, th@10) or (111) plane, to
Sn-C 2.22 less than 1%. A small admixture of other molecular precur-
GeSnC a=8.50  Ge-Ge 2.43,2.49 0.32 80  sors into these two compounds might produce even better
b=8.34 Ge-C 2.00 lattice matching with silicon. Another important issue re-
c=541  Ge-Sn 2.58,2.66 garding lattice compatability is the thermal-expansion coef-
B=289.6° Sn-C 2.20 ficient. Although we did not study the thermal expansion
Silicon a=b=8.51 Si-Si 2.33 0.0 100 compatibility between these two compounds and silicon, we
c=5.38 would expect the difference in thermal expansion to be mod-

erate, considering that, at room temperature, the thermal-
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3 whereas thé&-point charge density is more localized around
Sn-Sn bonds. The higher atomic levels of Sn for states asso-
2 3 ciated with the valence band then account for the unusually

high valence band in this part of the Brillouin zone.

C. SikC, and GgC,

In previous sections, we studied group-IV compounds iso-
structural with already synthesized compounds that use the
propotype molecular precursor £3) ., whereA= (Si, Ge,

Sn). These systems achieve the highest carbon concentration
(20 at. 9% possible without creating C-C bonds or second-
nearest-neighbor carbon pairs. An interesting question re-
@ M z I'aXWP r NQP mains, however. Using specific molecular precursors, can
3 group-1V compounds with higher carbon concentrations be
\/ synthesized? Such systems would inevitably contain either
C-C bonds or second-nearest-neighbor carbon pairs. Al-

\/\Wk though C-C bonds are thermodynamically unfavorable in
group-1V alloys, if C-C bonds are built in the molecular
cores of precursor molecules and are stable under film depo-

energy (eV)

sition, then we could expect C-C bonds to persist in the
resulting alloys. We propose here two molecular precursors,
C,(SiH3)g and G(GeHs)q, for synthesizing group-1V com-
pounds with C-C bonds and 25 at. % carbjdrhe G(SiH3)g

NN
>S 7 RS

o molecular precursor has already been synthesized by
Kouvetakis*!] Figure 8 shows the proposed molecular pre-
_3 cursors and sample crystalline structures, fully relaxed from
M £ T A X WP r NQP LDA calculations of $C,. This structure corresponds to a
(b) wave vector K particular choice of the unit cell, i.e., the smallest one. Both

SigC, and GgC, have a monoclinic lattice, which is a slight

FIG. 6. LDA band structures of §$n,C (top) and GgSnC(bot-  djstortion from bct. For $iC,, the distortion is very small,

tom) near the band-gap. less than 0.1% while for GE,, it is about 1.0%. To a rea-
sonable approximation, we can still use the more familiar

expansion coefficient of diamond K110 %/K) is smaller  k-point notation of the bct structure for these two com-
than that of silicon(about 2.5<10™%/K) while both germa-  pounds.
nium (about 5< 10~ /K) and a-tin (about 6< 10™ %/K) have Table 11l shows the structural properties of these two com-
larger thermal-expansion coefficients. pounds. Considering that the fraction of C-C bonds is large,

The band structures near the gap ofS$,C and GgSnC  1/16, the excess energy of these two compound is lower than
are shown in Fig. 6. G&nC has a familiar and expected expected. For §C,, the excess energy is 0.2 eV/atom,
direct band gap at the zone center, i.e., thegoint. The  which is lower than that of GE. One curious result is that
direct band gap of G&NC can be understood as due to athe C-C bond in SiC, is longer than the normal bond length
large difference in electronegativity between carbon, germain diamond: 1.55 A vs 1.53 A(both are LDA valueg
nium, and tin as well as the large ionic core, which tends tovhereas for GgC,, the C-C bond is shorter than the normal
pull the conduction band dt down more rapidly than at the one, only 1.50 A. The strong Si-C bonds, which effectively
zone edge. $6n,C, however, has a somewhat unusual directpull the two carbon atoms apart to minimize the strain en-
band gap at the zone edge, i.K.jn the structure studied. ergy, might explain the slightly longer C-C bond length in
Although we do see a local minimum &t in the lowest SisC,. For GgC,, the relatively weak Ge-C bonds, coupled
conduction band due to the effects similar to those inwith stronger C-C bonds due to charge transfer from Ge
Ge;SnC, in this case the global conduction minimum is lo-atoms to C atoms, imply that shorter C-C bonds are the op-
cated atX, which is very close to the foldeX point in a timal strain-relief configuration. Due to the lowering in sym-
standard two-atom diamond structure. The characteristics afetry, there are two types &-C (A=Si or Ge bonds. The
the conduction band of §8n,C, nevertheless, are not unex- weighted-average Si-C and Ge-C bond lengths are 1.93 A
pected. The intriguing feature is the valence-band maximunand 2.05 A, respectively, substantially longer than the nor-
at X, which is rarely seen in common semiconductors. Tamal Si-C and Ge-C bonds. The existence of C-C bonds de-
better understand this abnormal band structure, we analyZies a particular direction along which the bond length of
the charge density for the top of the valence band at both both Si-Si and Ge-Ge bonds vary significantly. For example,
and X. Figure 7 shows the three-dimensional charge-densitthe length of Si-Si bonds along the direction defined by the
isosurfaces for the top valence band aand X for Si,Sn,C. C-C dimer varies widely from 2.27 to 2.48 A. In constrast,
The charge density df concentrates around Si-Si bonds, the Si-Si bonds more perpendicular to the C-C dimers are
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FIG. 7. (Color) Charge-density
isosurfaces for the top of the va-
lence band at” (top) and X (bot-
tom) in Si,Sn,C. Electrons are lo-
calized around Si-Si bondsin
yellow) for theI" state whereas for
the X state, they are localized
around Sn-Sn bondén magenta

closer to the bulk value, varying from 2.29 to 2.32 A. The underestimates the band gap and in some cases, semiconduc-
overstretched Si-Si bonds along the C-C bond direction isors become metallic in LDA calculations. Since the band
consistent with the observation that there is substantial straioverlap for SiC, is small, less than 0.5 eV, &, might have
on the C-C bonds. Similar results are seen fogGe a small direct gap if quasiparticle calculations are carried out.
Figure 9 shows the LDA band structures o§Gi and  For GgC,, the band overlap is large and we do not neces-
Ge;C,. Both alloys are metallic within the local-density ap- sarily expect quasiparticle corrections to fully open the gap.
proximation. This kind of strain-induced reduction of the Notice that although the conduction and valence bands over-
band gap has been reported befbidowever, we are not lap atl', we still can see a “quasidirect” gap, which is evi-
convinced that 3C, is indeed metallic since LDA usually dence of increasing ionicity, i.e., charge transfer between Si
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FIG. 8. (Color) Proposed molecular precursor for synthesizingCSiand the corresponding relaxed crystalline structure. The molecular
precursor and crystal structure of &8 are similar to those above.

(Ge) and C in these group-IV compounds. Another conse-The density of states at the Fermi level is very low, indicat-
quence of the large ionicity, possibly along with symmetrying an incipient gap. However it increases rapidly below or
breaking, is that the lowest valence band is completely spliabove the Fermi level. A small amount of doping might
off from the rest of the valence bands and is very flat, indi-change the electronic properties of these two materials
cating that this band is very localizédn carbon. Density-  greatly. The anisotropic bonding network of both materials

of-states plots for $C, and GgC, are shown in Fig. 10. might produce an anisotropic phonon dispersion, while the
covalent bonding and relatively strong volume sensitivity of

TABLE |IlI. Structural properties of $C, and GgC,. The lat-  the band structure in this class of materials could yield rela-
tice notation of bct structure is used since both structures are onlgively large electron-phonon matrix elements. The large pho-

slightly distorted from bct. non frequencies of C-associated modes suggests the possibil-
ity for a moderately large superconducting transition
Lattice Bond length oE Bulk temperature under doping heavy enough to climb out of the
constant (A) (eV/atom)  modulus pseudogap.
(R) (GPa
SigC, a=b~4.91 Si-Si 2.29,2.32 0.20 146 V. CONCLUSION
€~9.46 2.27,2.48 We have carried out pseudopotential density-functional-
C-C 1.55 theory studies on the electronic and structural properties of
Si-C 1.90,1.99 group-1V alloys that either have been synthesized or are de-
Ge;C, a=b~5.18 Ge-Ge 2.40,2.44 0.40 111 signed to be synthesizable by UHV-CVD techniques using
c~9.84 2.37,2.58 precursor molecules that build in the desired bonding. All of
C-C 1.50 the alloys studied are metastable with moderate excess ener-
Ge-C 2.01,2.12 gies. While the band gaps of,& and GeC remain indirect,

the effect of substitutional carbon on the band structure is
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We also presented structural information and charge-density
plots for two previously proposed direct-band-gap group-IV. g, 10. Densities of states forl, (top) and GgC, (bottom.
alloys. Finally, we demonstated a new class of precursor
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